The authors report a straightforward method to achieve spatially localized photonic band-gap structures in porous silicon. This photonic band-gap lithography technique consists of local photo-oxidation followed by exposure to methanol solvent. Reflectance measurements show that the oxidized porous silicon regions maintain their photonic band structure with only a slight blueshift while there is significant spectral degradation in the nonoxidized regions. Fourier transform infrared spectroscopy and scanning electron microscopy were performed to investigate this phenomenon. The significant spectral change in the nonoxidized regions is attributed to chemical modification of the porous silicon. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.2830816͔ Porous silicon has proven to be a useful optical material for applications including biosensing, 1 photovoltaics, 2 optical switching, 3 and laser mirrors. 4 As the typical pore size of these porous silicon structures is much smaller than the wavelength of light, the index of refraction of porous silicon can vary as a function of the porosity. Porous silicon photonic crystal structures, such as omnidirectional mirrors 5 and microcavities, 6 have been demonstrated based on appropriate modulation of the porous silicon refractive index. Spatial localization and lithography of photonic crystals are necessary for their employment in integrated applications, such as photonic circuits and biosensor arrays. While lithography 7 and ion beam irradiation 8 can spatially define porous silicon photonic crystals, these methods require expensive, specialized fabrication instruments. This motivates our interest in costeffective approaches to process porous silicon devices and heterostructures.
Porous silicon has proven to be a useful optical material for applications including biosensing, 1 photovoltaics, 2 optical switching, 3 and laser mirrors. 4 As the typical pore size of these porous silicon structures is much smaller than the wavelength of light, the index of refraction of porous silicon can vary as a function of the porosity. Porous silicon photonic crystal structures, such as omnidirectional mirrors 5 and microcavities, 6 have been demonstrated based on appropriate modulation of the porous silicon refractive index. Spatial localization and lithography of photonic crystals are necessary for their employment in integrated applications, such as photonic circuits and biosensor arrays. While lithography 7 and ion beam irradiation 8 can spatially define porous silicon photonic crystals, these methods require expensive, specialized fabrication instruments. This motivates our interest in costeffective approaches to process porous silicon devices and heterostructures.
In this letter, we report a simple lithographic technique to produce spatially localized one-dimensional porous silicon photonic crystals. Our two-step procedure involves localized photo-oxidation of the porous silicon structures followed by the immersion of the entire structure in methanol. 9 Initially, selected regions of the porous silicon heterostructures are exposed to an intense light source, such as a laser or an ultraviolet lamp. Next, the porous silicon sample is soaked in a methanol bath. The exposure times for the irradiation and methanol soaking, which range from 1 h to several days, are highly dependent on the porous silicon thickness and whether the porous silicon is a freestanding film or remains attached to the silicon substrate.
The porous silicon photonic crystals used in our studies were fabricated by electrochemical etching of ͑100͒ p-type ͑10-20 m⍀ cm͒ silicon wafers in an electrolyte consisting of 15% hydrofluoric acid in ethanol. An alternating current density of 5 and 80 mA/ cm 2 was applied to create onedimensional periodic porous silicon photonic crystal mirrors and microcavities. The porosities of the layers were approximately 55% and 80%, respectively, and the layer thicknesses were adjusted to achieve photonic band gaps in the visible and near-infrared regions. Figure 1͑a͒ shows the reflectivity spectra of a porous silicon photonic crystal microcavity treated by the two-step lithographic procedure using an unfocused 532 nm Coherent Verdi laser to irradiate a spot in the center of the porous silicon sample ͓Fig. 1͑b͔͒. The porous silicon microcavity region irradiated by the laser, labeled II in both the reflectivity graph and the photograph, shows only a modest blueshift in the cavity resonance mode and in the location of the high reflectivity stop band. The nonirradiated region that surrounds the central spot, labeled III, exhibits a significant spectral blueshift and the comprehensive degradation of the microcavity resonance feature. This motivated us to attempt to pattern the reflectivity characteristic of porous silicon microcavities, as evidenced in Fig. 1͑c͒ . By irradiating the porous silicon with either the 532 nm laser or an ultraviolet lamp through a contact photomask, we transferred the lithographic template to the porous silicon.
We consider two possible mechanisms for the marked spectral difference in the irradiated and nonirradiated porous silicon microcavity regions after methanol soaking. First, structural modification of the pores in the nonirradiated regions, such as contraction of the porous silicon layers or partial collapse, could cause a change in the optical properties of one or more of the porous silicon layers in the microcavity. To address this possibility, we investigated the interface separating the irradiated and nonirradiated porous silicon regions using scanning electron microscopy ͑SEM͒. As evidenced in the cross-sectional SEM image shown in Fig. 2 , no apparent structural modification or degradation developed within any of the porous silicon layers. However, a brightness contrast for which the irradiated region appears brighter on the right side of the dotted line than on the nonirradiated region in the image is observed. We attribute this brightness contrast to an oxide formed only within those pores that exist within the irradiated region of the porous silicon, as explained in the following Fourier transform infrared ͑FTIR͒ spectroscopy analysis.
Our second consideration was that chemical modification of the silicon surface within the pores led to the blue-shifts of the reflectivity spectra observed in the irradiated and nonirradiated porous silicon regions after the two-step lithographic procedure. FTIR measurements, performed at room temperature in air, helped elucidate the chemical composition of the pores and their surfaces. For these experiments, freestanding porous silicon films were placed onto goldcoated glass slides; the subsequent FTIR responses were measured in the reflection mode of the instrument. The contribution from the gold-coated slides was removed from the FTIR signal. To determine the influence of the laser irradiation and methanol treatment, three porous silicon photonic crystal samples were prepared. One sample received laser irradiation shortly following formation, one sample was placed in a methanol bath directly after formation, and the third sample was set as a control sample that received no treatment.
As shown in Fig. 3 , the FTIR spectra of the as-formed sample stored in air exhibit the traditional signatures of native oxide growth. Immediately after formation, the porous silicon is hydrogen terminated ͓Si-H x bonds, Fig. 3͑A͔͒ . After several days, Si-O-Si resonances appear near 1060 cm −1 as evidence of oxide formation ͓Figs. 3͑B1͒ and 3͑B2͔͒. 10 The FTIR spectrum of the laser irradiated sample ͓Fig. 3͑C1͔͒ shows nearly identical absorption resonances compared to the as-anodized sample stored in air for one month, which suggests that the laser irradiation induces oxide formation. This result is consistent with previous research reporting that laser heating can be used to oxidize porous silicon. 11, 12 FTIR measurements further demonstrate that there is no chemical modification of the laser oxidized porous silicon sample upon exposure to methanol ͓Fig. 3͑C2͔͒. Reflectance measurements performed on porous silicon photonic crystal samples that were soaked in methanol after a native oxide had formed exhibited only a slight blueshift with no significant spectral degradation, which is consistent with results from the laser oxidized samples ͑Fig. 1͒. The corresponding FTIR spectra for those samples, depicted in Figs. 3͑B3͒ and Fig. 3͑B4͒ , confirm that negligible variation of the surface chemistry is observed with increased native oxide growth or with subsequent methanol exposure.
FTIR spectra of the porous silicon photonic crystal soaked in methanol immediately after formation ͓Figs. 3͑D1͒ and 3͑D2͔͒ exhibit distinct features compared to the asformed and laser oxidized samples. The absorption resonances near 1083 cm −1 , attributed to Si-O-C bonding, and CH 3 signatures suggest a change in the chemical surface composition of the nonirradiated samples after the methanol exposure. [13] [14] [15] Based on our observations from the FTIR spectra, we conclude that the presence of an oxide protects porous silicon photonic crystals from chemical modification and significant optical spectrum modification when exposed to methanol.
conditions: ͑I͒ microcavity as fabricated; ͑II͒ laserexposed microcavity region, immersed in methanol; ͑III͒ unexposed microcavity region, immersed in methanol. ͑b͒ A photograph of the porous silicon microcavity sample with the laserexposed ͑II͒ and unexposed ͓͑III͔͒ regions labeled. ͑c͒ A photograph of a photolithographically patterned porous silicon microcavity.
FIG. 2.
Cross-sectional scanning electron microscopy image of the porous silicon heterostructure. No physical degradation of the porous silicon layers is observed. The dotted line signifies the boundary between the region of the microcavity with optical degradation, induced by exposure to methanol ͑on the left͒, and the region of the microcavity whose reflectivity spectrum was preserved through exposure to the laser ͑on the right͒. The length of the scale bar is 1.0 m. FIG. 3 . ͑Color online͒ Fourier transform infrared spectroscopy ͑FTIR͒ of porous silicon microcavities with various laser and methanol exposures. ͑A͒ As fabricated; ͑B1͒ exposed to atmosphere for 7 days; ͑B2͒ exposed to atmosphere for 32 days; ͑B3͒ exposed to atmosphere for 7 months; ͑B4͒ exposed to methanol for 15 days after exposure to atmosphere for 7 months; ͑C1͒ exposed to laser; ͑C2͒ exposed to methanol for 11 days after the initial laser exposure; ͑D1͒ exposed to methanol alone for 2 days; ͑D2͒ exposed to methanol alone for 9 days. These data show that the laser-induced oxidation inhibits changes in the FTIR spectrum. Exposure to methanol has a much more significant change in the FTIR spectrum, even with shorter methanol exposure times, than does atmospheric exposure or laser exposure.
In summary, we have developed a simple, two-step lithographic technique to spatially localize porous silicon photonic crystal modes. Irradiation from an intense light source is used to oxidize selected regions of porous silicon photonic crystal microcavities. After soaking in methanol, only the oxidized porous silicon photonic crystal regions maintain their resonant mode. The unprotected porous silicon regions are chemically modified by methanol and experience significant spectral degradation, including loss of the microcavity resonance. Hence, light propagation is supported only in the oxidized regions. This lithographic technique allows the production of patterned porous silicon structures without the need for mask aligners or other complex lithographic instrumentation requiring photoresist processing and pattern transfer. We believe that our lithographic technique could be extended to create arbitrary patterns with micron-sized features in porous silicon by using more sophisticated masks or employing direct laser writing.
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